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In conducting the research described in this report, the
investigators adhercd to the "Guide for Laboratory Animal
Facilities and Care," as promulgated by the Conmittee on
the Guide for Laboratory Animal Facilities and Care of the
Tostitute of Laboratory Animal Resources, National Academy
of Sciences-National Research Couneil.

ABSTRACT

—— L oro—r

Suspensions of approximately 2 x 1011 viable Pasteurella
tularensis per ml were killed by exposure to 1 x 105 ¢ of gamma
radiation, The irradiated esuspensiong, initially containing
about 10 LD, per ml for wice by intraperitoneal injection,
immnized mice agafnst challenge with fully virulent etrains of
P. tularensis. Toxicity and {mnunizing activity of the suspen-
sicns decreased significantly within g8 few days at 5 C. Mice
were protected against the toxin by immune serum or by prior
injection of endotoxin of Esgherichia coli. Cortisone did not
protect against the newly prepared suspension, but was effective
against aged suspension. Lethal doses of uewly preparcd suspen~
sion for guinea pigs and vabbits were approximately 0.5 ml and
2 ml, vespectively; cortisone protected rabbits but not guinea
pige ag2inet lethal challenge. Pyrogenic effects resembling
those shown by endotoxin-containing suspensicns were demonstrated
in rabbite. An interpretation of the results is proposed,
postulating two toxins, one labile and associated with the
{mmunizing activity of the suspension, the other mor2 stable
and resembling classical endotoxin.
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I.__INTRODUCTION

Pasteurella tularensig vaccines rendered nonviable by exposure to
ionizing radiation provoked imwmunity in white mice such that significant
numbere of the animals survived challenge with the fully virulent SCHU
strain of P. tularensis.! The significant degree of immunity produced
was in marked contrast to the negligible protection against virulent
strains afforded the¢ e animals by vaccines killed by other methode.}

In these and subsequent studies it was noted that injection of the
irradiated organisms into mice in eomewhat greater numbers than were
required for immunization frequently killed the animals within 24 hours.
The toxicity appeared to resemble that associated with viable suspensions
of P. tularensis® and with living rickettsial and viral suspeneions,®
althougli in these cases, the toxicity disappeared when the organisms

were killed. Toxicity for white mice decreased rapidly when irradiated
suspeneions were held at 4 C, and attempts to obzain the toxin in scluble
form and geparate it from the cells were unsuccessful.® Further observa-
tions on the toxin and the responsee to it in animals are presented in
this report.

IT. MATFRIALS AND METHODS

A. BACTERIAL CULTURES

The LVS strain of F. tularensie, an attenuated strain employed as a
living vaccine,* was used for prepardtion of irradiated suspensjons.
The culture was held in the lyophilized state, and new working cultures
were prepared at monthly intervals. In one experiment, cultures of LVS
that had undergone repeated transfer were also used. Theege ~ultures,
designated LVS-0 and LVS-ND, contained nenimmunogenic mutante that
ylelded gray colonies on golid medium.* The virulent SCHU S4 strain of
P. tularensis was used for challenge cf immunized mice.

B. BACTERIAL SUSPENSIONS

Cultures were grown with shaking in 500 ml volumes of peptone-gluccse-
cysteine broth.® A 5% volume of stock culture was used as inoculum.
After incubation for 16 to 18 hours at 37 C the cells were harveegted by
centrifugation and resuspended in 1/30th the culture volume of a solution
containing 0.17% gelatin and 0.97 sodium chloride, herecafter referred to as
gelatin saline. Via?}e counts performed on modified SB a; ar® indicated
approximately 2 x 10** organisms per ml.

* Cordon, M., unpublished data.
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C. TIRRADIATION

The sumspensions were expoged to 1l x 10° r of gagma radiation from a
co®0 source* at a dose rate of approximately 1 x 10° r per minute.
Sterility of the {rradiated suspensions was established by the absence
of colonies when 1-ml portions were Inoculated onto SB agar medium and
incubated 4 days at 37 C. The irradiated suspensions were stored at 5 C
and used within 4 days, except as otherwise indicated.

D. ANIMALS

These were from random-bred colonies maintained at Fort Detrick.
Female mice weighing 22 to 25 g of the Bagg atrain of Swiss-Webster
wevre used. Female guinea pips of the Fartley straln that weighed approxi-
mately 300 g were ugsed. Rabbits were New Zealand White adults of either
sex weighing approximately 2.5 kg.

E. TOXICITY TITRATIONS

Serial twofold dilutions of the irradiated suspensicons were prepared
in gelatin saline, and 1 ml dosee were injected intraperitoneally intec
mice, ten in each group. Deaths were recorded for 3 days, and the LD,
was calculated by the method of Reed and Muench.” Tests of significanca
were carried out by the two-sample normal apprcximation test .8

F. ENDOTOXIN

Lipopolysaccharide B from Escherichia coli was obtained from Difco
Laboratories.

G. ANTISERA

Immune serum was cbtained from rabbits immunized by repeated sub-~
cutaneous injections of irradiated suspension. When hemagglutination
titers with polysaccharide-treated erythrocytes® reached 1:1280 or greater,
perum was obtained, poolsd, and storea at -20 C. Convalesgcent serum wae
obtained from a rabbit that had survived infection with a partially
attenuated culture of che SCHU strain of P. tularensis. Normal gerum for
contrcls was pooled and stored in the same manner. Portions of immune and
convalescent sera were absorbed by treatment with 1/10th volume or with
1/20th volume, respectively, of packed P. tularensis obtained by centrifuga-
tion of irradiated suspensions. The mixtures were shaken overnight at 4 C,
and the absorbed sera werz recovered by centrifugation.

* We are indebted to Mr. Fred Shorten of the National Bureau of Standards
for making avallable the radiation source.
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III.  RESULYS

A, TOXICITY CF XRRADIATED SUSPENSIONS

irradiated suspensions were tiryated for toxicity in mice scon after
irradiation and after they were held for various {ntervals at approximately
5 C. Three of the susp'nsions were prepared from two stock cultures in
which guvisl tranefer had sllowed the egcablishment of noafmmunogenic
mutants. Ferulta of titrations of four preparaticne over a 22-day pertod
are presented Iin Figure 1  All of the suspeneicne co2ntained approximately
10 LDy/ml initially, a2nd all dg-reaesd signifi:zantly ia toxizity when
held at 5 ¢. Although mize used i3 these titrations reczived doses i
grear as 10 LD,, no appre:ziable number died in less thzn 8 houre. In 2
typlcal titration, 72% of the deaths ocourred cu the 1lst day, 26% oa the
2nd, and 27 on the 3rd.

Mice fnjected intraperitoneally with 1 ml of & 4-dav-old suspensica
were gacrificed after 4, 8, 12, and 16 houre anid their tissues were
examined. No gross lesions were found, WMiorcsiopic ex.miaazion of
tissues taken 4 hours after injection revealed congsetion 2nd foceal
nuclear fragmentationm in the spleen and frccal necresie 1n the liver.
Necroeie had increased in the spleen and liver 3fter 8 hours and had
become extensive after 17 and 16 houre. ZTcongestion of the kiiney wae
noted aftexr 8, 12, and 16 houre. Sizilar changees were found in unwasrificed
animale that died after similar periods,

lLethal desee for guinea pige and rabbits were not deteyrined with the
game precision as those for mice. Experimeats with smaller groups of
animals indicated, hcwever, that the LD feor guinea pige was approximately
0.5 ml of 1-day-old suspeneion injected Intrapsritonez2lly, and the 1D,
for rsbbite was approximately 2 ml {njectsd intrswv ncusly., Trers ware
no striking symptome of intoxication in any of the speriec. As deatt
approacked, the animzls bezame increasingly lzsthargic. Diarvtca and
hematuria were ncted freguently im rabbits that had received = lethal
dose.

B. MMUNOGENICLTY

The effects of immunizing dose and of aging »f the suspension cn the
protective activity in mice were investigated ¢c study the relaticnskip
betwzen toxicity and antigenicity. TIn a typi:al experiment, twof-1l4
serial diluticns were prepared from 3 suepension after it had been held
at 4 C for 1, 4, and 7 days. Groups >f tezn mice were immunized with 1,0-ml
quantities of each dilution. Early deaths caused by =oxin oc-urred 1n
groups receiving higher doses of suepeneion, groups 1n wki<h half or more
of the animals survived were challenged after 2 weeke with approximately
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Figure 1. Deterforation at 5 C of the Toxicity for Mice of Irradiated Suspensions.
The four suspensions were derived from three cultures of the LVS strain

of P. tularensis.




100 cells of the virulent SCHU strain of P. tularensis. Deaths were
recorded for 21 days; survival percentages are recorded in Figure 2.
Unimmunized control animals died within 5 days. It ig evident that

the {mmunizing activity of the suspensions approached their waximum
values only in a limited range of dilution+, and that the immunizing
activity, like the toxicity, declined rapicly at 4 . MHMoreover, the
decline in antigenicity that orcurred on standing was not overcome by an
increase in dose. Additional obsgervation on immunogenicity will be

presented in a subsequent paper.

C. PYROGENIC FFFECTS

Normal rabbite were injected intravenously with graded doses of
irradiated suspension, two animals per dose. Controls received gelatin
saline. Rectal temperatures were measured at intervals up tc 71 hours,
and the mean temperatures of the experimental groups relative te Lie con-
trols are recorded in Figure 3. Injection cf the suspension produced a
biphasic fever curve, with the first p-:ak between 2 and 6 hours, and
the second peak approximately 12 hours afrer the injection. The height
of the first peak reached a maximuw with the 0.5-ml dose, then declined
with further increase in dcse. The height and duration of the second
peak increased with dose throughout the range studied.

D. HEMATOLOGY

Mice were ajected int:aperitoneally with 1 ml cof a 4-day-old suspen-
gion, and groups of five animals were bled from the hcart after 0, 4, 8,
and 12 hours. None of tlie mize were alive after 16 hcurs. @Blocds from
each group of animals were pooled, and white cell counts, differential
counte, and microhematocrit measuremente ware pe:rfsormed (Table 1}, The
white cell count decreated markedly within 4 hours and remainsd at a low
level. This chenge regulted primarily from a prezipitoug decra2s6 in
neutrophile. There was a relative lymphonytcsie, althcugh thz number
of circulating lympho:ytes decreased moderately. The hametcorit svidantly
increased at 12 hours, indicating terminal hemoconcentratien

E. EFFECT OF CORTISONE

Tte preceding observaticns indicated that ~he effects cof the irradiated
suspension resembled those cf classizal endotoxin in some respecte. Az-ord:
ingly, the effect of cortisone on susceptibilitly to th< suspensicn was
investigated. 1In a represgentative experiment, four groups of rice were
injected intramuscularly with 5 mg of cortieone acetate, a dore effective
against challenge with small amcunts of clazet®al endotoxin.}® Within a
few minutes the four groups were injected intraperitcaeally with 1 ml of
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Figure 2, Twmmunizing Activity of an I[rradiated Suspension in Mice as
a Function of Dose. The suspension was tested after it had
been held at 5 C for the pecriods indicated.
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{rradiatod wugpennion dilution t:2, Y:4, 1:8, or 1110, vempectively.

Four groups were Injocted {ntrvasuscularly with 0.2 m! of aterilae galatlin
waline and then {njected (ntraper{toneally with t ml of the same dilutione

ot suapenaion, Deachs wore vecordad (or )} days; results ave summavized tn
Table 2. Cortisone exerted no protactlive affect againat the Yresh {rradiated
suspmsion at any period of obaervation,

TABLE 1. HEMATOLOGICAT. CHANGES IN MICE INJECTED
WITH TRRADIALSD P. TULARENSLS

Hours aftex Hematocrit,
Injection WAC/mm3  Neutrophile/mn’  Lymphocytes/mm’ %

0 11,100 4,880 6,220 35

4 6,300 1,580 4,720 37

8 4,900 740 4,160 36

12 5,600 670 4,870 42

Experiments using irradiated suspension that had been held at 5 ¢ for
41 daye (Table 2) were carried out in the same way. Treatment with
cortisone protected slightly against the aged suspension. Differences
between treated and control groups were significant at the 57 level at
four points of comparison and approached significance at two.

Three groups of six guinea pigs were Iinjected intramuscularly with
12.5 wg of cortisone acetate, and three groups with gelatin saline.
Within a few minutes the groups of animals were injected with graded
doges of irradiated suspension. Deaths were reccrded for 3 days; final
regults of two experiwments are zsummarized in Table 3. The drug evidently
had no effect on susceptibility of guinea vnigs to the suspension.




1

*50°0 > & fIusdpyTuEys uolldoeloly ¥

VB VA v e

£t AS/S \mﬁ\m \mﬁ\ﬁ S1/91 0 $1/0 ¢i/0 €1/¢ c€1/01 91
Z g1/t Si/1 s1/2 \mmﬁxz L 51/1 ST/t S1/1 S1/% A ¢
L e/t s1/1 i/t €1/3 ] /G S1/0 s1/0 a1/z “11pUf 1%
Z &/0 £/2 6/2 b ad 6/% &8/% 6/8 91:1
[+ £/C 579 5/¢ €1 8/1 2/1 g/2 a1
13 £/1 6/1 541 ¢} 6/0 5/0 €/1 1
i1 /1 &1 6/1 ¢ 8/C 6/0 §/0 <1 |
3 = i g gv Iq %7 1q 61 % 34 74 34 8% I 97 A4 61 (esop ®-1) sdvp
frmelazng T | Si0LJS20A(EInG p33oefur ‘woysusdsng
FRIvel-o04131355 uojeuedeng 30 dy
30 UOT2NIIA

FOIR 30 AITIICILLADSOS RO ANOSIZEOD 20 103ddx 7 TIEVZL

s e i, il




TANLE 3. EFFECT OF CORTISONE ON SUSCRNPTIMLLITY OF GUINFA PIGS

[y o

Dose of — o Supvivory/Total Infoghagd -
Suspeanaion, ml Qalatin~-Saline-Treatod Curtiunwm-?rupt»ﬂ%{
2 2o L/o
1 5712 1712

0.5 6/12 8/12

.. 12.5 mg cortisone acetate per aunimal injectad intys-
muscularly before the trradiated suspensioca.

Ten rabbits were injected subcutaneously with 12.5 mg of cortisone
acetate, and seven control snim:ls with gelavin saline. Immediately
all animals were injected intravenously with 3 ml of {rradiated suspension.
Six control rabbite died within 18 hours; the seventh was moribund at 12
hours and was sacrificed. The cortisone-treated animals remained well and
appeared normel when sacrificed in pairs 1, 2, 3, 4, and 5 days after
injection. Pathological changes in the control and treated animals are
described elsewhere.l?

F. PROTECTIVE EFFECT OF ANTISERUM

Twiune and convalescent rabbit sera, the same sera after absorption
with irradiated P. tularensis, and normal gerum were tested for protective
activity against the suspension in mice. Sera were Injected intraperi-~
toneally in 0.5-ml amounts, followed by 0.4 ml of irradiated suspension
by the same route, Deaths were recorded for 3 days (Table 4). It is
evident thar borh {immune and convalescent sera protected mice against
the toxin, and that the protective factor was removed by absorption with
irradiated P. tularengis. Normal serum had no protective effect,

G. CROSS TOLERANCE WITH ENDOTOXIN

The effect of repeated Injection of Eggherichia goli endotoxin on
sugceptibility of mice to the irradiated suspension was investigated.
On alternate days, mice were given six l-ml intraperitoneal injections of
graded concentrations of E. coll endotoxin. The concentrations of toxin
were 0.005 mg/ml for ihe first dose, 0.01 mg/ml for the second dose, and
0.02 mg/ml for the remaining doses. Control mice received intraperitoneal




injectione of 1 ml of gelatin saline on the same schedule.
the last injectiom, sndotoxin-treated and contvol groups wera each divided
tnto four subgroups that were challenged respectively with dilutions of

frradiated sueponsion ranging from 1:2 to 1:16.
Table 5, Prior trestment of mice with endotoxin greatly increased their

Q“\“‘\“ﬁ\‘\‘ i A LALITOT ST U AR R SV LR r s e e

renfacanca to irradiated suspensions,

Results are preasented in

TABLE 4. PASSIVE PROTECTION OF MICE BY RABBIT ANTISERA

Two days after

vy

Sexum Dilutiond/ Peaths/Total Survival, %
Normal Undil. 9/10 10
1:4 10/10 0
1 mpuna Undil. 3/20 85
1:2 2/10 80
1:4 2/6 [$1)
1:8 576 17
1:16 5/6 17
1:32 6/6 v
Absorbed immune Undil. 10/10 0
Convalescant ndil, 0/10 100
Absorbed Undil, 10/10 1]
convalescent

a. 0.5 ml of the dilution
* peritoneally, followed
irradiated sugpensicn.

of serum was Injected fintra-
immediately by 0.4 ml of
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TABLE 5. BY¥FECT OF PRIOR INJECTION OF
ENDOTC. . IN ON SUSCEPTIBILITY OF MICE

Dilution of Supvivors/Total Injected

Irradiated Endotoxin-
P. tularensis Control Treated
1:2 0/10 8/10
1:4 0/9 9/10
1:8 2/10 8/9
1:16 0/10 10/10

IV. DISCUSSION

Toxicity of killed P. tularensis was noted during early studies on
vaccines. Suspensions killed by heat or formaldehyde produced local and
generalized reactions in man*® and edematous iesions in the skin of guinea
pigs and rabbite.}3 The toxicity was evidently of a low order; lethal
toxicity wae not described. Significant participation of factors resembliing
endotoxin in the pathogenesis of tularemia was inferred on the basis of
studies of the disease in man.!* Viable guspensions were rapidly lethal for
mice in doses of 1 x 167 organisms and the reaction was judged t¢ be pri-
marily a toxemia.® However, the toxicity of viable suspensions was destroyed
when the organisms were killed by any of a variety of methods, and lipo-
polysaccharides extracted from the organisms were neither toxic nor
pyrogenic."I' Evidently the present irradiated suspensions retained a
larger proportion of the toxicity of viable or anisms than suspensions
killed by other methods, a conclusion consistent with the stability of
classical endotoxin in the presence of ionizing radiation.'® Suspensions
of other organisme killed by minimum irradiation may alsc ccntain endotoxin-
like activities too labile to withstand classical extcaction procedures.

The present studles support the concept that two kinds of toxin are
responsible for the toxicity of irradiated suspensions of P. tularensis:
a stable, endotoxin-like activity, and a relatively labile component that
deteviorates within a few days at 5 C, Rabbits, more sensitive to classi-
cal endotoxin than mice, evidently respond primarily to the stable com-
ponent of the suspension. The febrile response of these animals to injec~-
tion of the suspension 1s suggestive of the presence of endotoxin. The
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slower development of the fever compared with the response of rabbits to
endotoxic extracts is typical of bacterial auspensiona“’ the long dura-
tion of the fever, however, resembles the response to influenza virus.l®
The protection afforded by cortisone also suggests participation of
endotoxin in the lethal toxicity, because the drug evidently does not
protect significantly againet bacterial exotoxins.*®

In mice, endotoxin-like activity was revealed by deterioration of the
labile toxin at 5 C. Mice were protected against this residual toxicity
by cortisone, although this drug was ineffective against the freshly
prepared suapension. The mean toxicity for mice of 15-day-old suspeTBions
was 3 LD,/ml (Fig. 1). Thus, 1 LD,, represented approximately 7 x 10
organisms on the basis of viable counts before irradiation. This toxicity
18 similar to the mean value of 9.4 x 1010 reported for heat or acetone-
killed suspensions of Brucella abortus®® and approaches the value of 2 x 10
reported for heat~killed suepensions of Salmonmella typhimurium.?? Correc-
tion for the smaller size of the P. tularensis cells brings the toxicity
on a dry weight basis close to that reported fer §. typhimurium. Thus the
endotoxin-like component of the irradiated P. tularengisg resembles classical
endotoxin-containing suspensions with respect to toxicity, pyrogenicity,
susceptibility to cortisone, and tissue changes produced in rabbits,!?

The labile component appears to be primarily responsible for tomicity
of the fresh suspensions for mice. The observations made thus far reveal
no specific symptom or morphological change sufficient to account for the
lethality of the toxin. Indeed, the labile toxin has been studied thus
far only i{n the presence of sublethal amounts of the stable, endctoxin-
like compeonen.; probably the hematological and pathological changes pro-
duced by injection of the suspensions into mice are complicated by this
clrcumstance. The lability of the toxin and its asscciation with cells
suggested a relationship to the toxins of living ricketiefal and viral
agents. The present exploratory studies reveal other similaritizs of
the P. tularensis toxin to these agente: the tendency to produce terminal
hemoconcentration, the frequent appeavance c¢f focal necrosis of the liver,
the prolonged febrile response, and the neutralizstion by immune sera.®
More detailed study of the metaboli: and morphological changes produced
by the labile toxin would be desirable to investigate this apparent
relationship.

Neutralization of the toxicity for mice of fresh suepensions by lmmune
or convalescent rabbit sera and absorption of the neutralizing activity

zation of the labile toxin. It is probable that more detailed study of the
specificity of the neutralizing antibodies would permit identificaticn of
the antigens assoclated with the labile tcxin. The tolerance tc labile
toxin produced by prior treatment with endotoxin of E, coli appears less
likely to provide significant information regarding the natute of the
toxin, because the diversity of the biological changes induced by endotexin
makes interpretation of the observed protestion difficult .99

by irradiated suspension mey provide an esxperimental approach to characteri-
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A most significant property of the labile toxin is its apparent associa-
tion with the ability of the suspensions to immunize mice against challenge
with fully virulent P. tulareneis. Thus far, this association is based ouly
on concomitant appearance and deterioration under a linited number of condi-
tions, and must be regarded as tentative. The reaults suggest that the
atable, endotoxin-like component does not have a similar effect on anti-
genicity, and indeed its toxicity may limit the level of fmmunity attainable
with the suspension. Development of methods for isolation or independent
control of the two toxicities will facilitate elucidation of their vrole in
infection and fmmunization.
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